Introduction
Non-invasive brain stimulation (NIBS) has become an extremely popular method of neuromodulation in both clinical and non-clinical populations. Of the NIBS techniques available, transcranial direct current stimulation (tDCS) has generated significant interest as it is both portable and inexpensive relative to transcranial magnetic stimulation (TMS). There are multiple tDCS parameters (e.g. stimulation intensity, duration, electrode size, etc.) that require optimisation to induce longer lasting and reproducible neuromodulation. In a recent study, Jamil et al. (2017) investigated changes in corticospinal excitability (CSE) up to 2 h following 15 min of tDCS with the anode (n = 20) or cathode (n = 18) electrode placed over the left primary motor cortex (M1) with a range of stimulation intensities (0.5-2 mA and sham). Changes in CSE were probed with single pulse TMS (25 trials each time point) at an intensity that induced 1 mV peak to peak motor evoked potentials (MEPs) at baseline. In addition, intra-individual variability in the response to 15 min of 1 mA tDCS with the anode over M1 was assessed over three separate sessions (sub-sample n = 7). Interestingly, increasing stimulation intensity resulted in non-linear changes in CSE for both tDCS polarities, such that low and high stimulation intensities had equivalent neuromodulatory effects on CSE. Compared to sham, all intensities delivered with the anode over M1 led to significant MEP facilitation, whereas in tDCS with the cathode over M1, All authors contributed equally to this work. only 1 mA of stimulation led to a significant MEP decrease. When applied over repeated sessions, 1 mA tDCS in the anodal M1 configuration induced reliable CSE modulation within the first 30 min (intraclass correlation (ICC) of 0.74) and 60-120 min (ICC = 0.64) following tDCS. Jamil and colleagues presented the most comprehensive investigation of stimulation intensity on tDCS-induced change in CSE to date; here, we further explore three aspects of their study, namely, the non-linear effect of tDCS intensity on subsequent CSE modulation, potential methods for predicting tDCS response across individuals, and intra-individual variability.
Non-linear modulation of CSE
It is somewhat surprising that stimulation intensity does not correlate linearly with changes to CSE, particularly at the acute time points (i.e. <30 min post-tDCS). Evidence suggests that the longer lasting neuromodulatory effects of tDCS (e.g. > 30 min) may be due to plasticity mechanisms that require a longer latency (e.g. biochemical and molecular pathways), whereas the acute neuromodulatory effects of tDCS are thought to be due to the online (i.e. during stimulation) changes in neuronal resting membrane potential. Single cell recordings from rat cortical neurons have shown that changes to the membrane potential with uniform subthreshold electric fields are linearly proportional to electric field intensity and polarity dependent (Radman et al. 2009) . Given that stimulation duration and electrode montage size remained constant for each participant, we might expect that increasing stimulation intensity would result in greater polarisation of the neuronal membrane, and in principle, greater changes to CSE. Full input-output curves would determine whether the non-linear relationship exists over a larger range of neuronal recruitment; however, it may be that tDCS neuromodulation is an all or none phenomenon, whereby shifting the membrane potential beyond the threshold needed to induce CSE modulation has zero additive effect. Systematic investigation of the acute changes to neuronal excitability (e.g. resting membrane potential, action potential threshold, spike firing frequency etc.) at the single cell level following stimulation with a range of electric field intensities would complement the findings of Jamil et al. and provide a mechanistic insight into the role of stimulation intensity in tDCS neuromodulation.
Predicting tDCS response with sensitivity to TMS
The factors that underlie inter-individual variability are no doubt complex, which highlights the need for the development of markers that can predict individual response variability. To investigate inter-individual variability in tDCS responses, Jamil et al. (2017) tested for associations between the TMS intensity required to elicit a MEP of 1 mV amplitude (SI 1mV ) at baseline and tDCS-induced MEP changes. The average SI 1mV at baseline across the five sessions for each individual was used as a marker of 'sensitivity to TMS' , and the sample was divided into low and high SI 1mV groups using the median value of the average SI 1mV . In the group where participants received 1 mA with the anode placed over M1, the low SI 1mV group showed a greater facilitatory response than the high SI 1mV group. The authors suggest that SI 1mV could provide a practical method for understanding inter-individual variability. However, why SI 1mV can explain a significant proportion of the variance in plasticity responses remains unknown. Since there is evidence to suggest that maximal MEP amplitude substantially varies across individuals (Pitcher et al. 2015) and increasing TMS intensity progressively recruits early I-waves, late I-waves and D-waves, the contribution of different neuronal populations to 1 mV MEPs is likely to differ across individuals. Therefore, while further investigation is needed to determine the predictive power of SI 1mV , we suggest that the combination of multiple MEP measures, such as peak-to-peak MEP amplitude, MEP latency, area under the input-output curve, slope of the input-output curve, and MEP variability (with each measure potentially attributed different weighting) might explain a significantly greater proportion of variance in the plasticity response than SI 1mV alone.
Intra-subject variability

Reliability of tDCS neuromodulation within subjects is as important as
Journal Club J Physiol 595.5 reliability between subjects. Although the intra-individual variability analysis by Jamil et al. was somewhat underpowered (n = 7), the observed good reliabilities (ICC > 0.74) in CSE modulations following tDCS with anode over M1 across three sessions (15 min per session) is not consistent with previous studies using a shorter stimulation (10 min). For example, Horvath and colleagues (2016) compared anode, cathode and sham stimulation over M1 (10 min, 1 mA) reporting poor reliabilities between verum sessions (ICC < 0.06) (Horvath et al. 2016) . These results together with a previous study (López-Alonso et al. 2015) reporting a good reliability (ICC = 0.57) across two 13 min of tDCS sessions at 1 mA (n = 45, anode placed over M1) possibly suggest that CSE modulations following tDCS stabilise if the stimulation duration is 13 min or longer, which has a significant implication for optimising tDCS to induce reproducible and longer lasting neuromodulation. In the two studies examining intra-subject variability following tDCS application > 13 min, fair-to-good reliability is evident in overall CSE modulation; however, it is important to note that CSE modulation between sessions at each time point following stimulation appeared to vary substantially in Jamil et al. (2017) Jamil et al. (2017) have taken important steps towards the optimisation of tDCS by investigating the effect of tDCS intensity on CSE, providing the first evidence of inducing consistent neuronal changes over multiple sessions. The fact that sensitivity to TMS could potentially be used to predict the neuronal changes following tDCS helps pave the way for future research to use tDCS to facilitate learning and re-learning of motor skills. However, when placed together with previous tDCS literature, it is difficult to determine under which conditions tDCS induces reliable neuromodulation, as very few studies are identical in stimulation protocol (e.g. stimulation duration, montage size, etc.) and in the number of repeated sessions that reliability is assessed across. Therefore, now that Jamil et al. have identified 'effective' tDCS intensities, future research is warranted to test tDCS reliability with large, multi-site trials, with each site applying stimulation protocols that are identical in all aspects. Moreover, from a clinical point of view, investigation into different populations such as healthy older adults and patient populations would be necessary to expand the conclusions drawn with regard to after-effects of tDCS in the young adults in the current study.
Conclusion
